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ABSTRACT
Recent analysis shows that it is important to explicitly include the gravitational potential of the
central brightest central galaxy (BCG) to infer the acceleration due to gravity (g) and the free-fall time
(tff ≡ [2r/g]1/2) in cool cluster cores. Accurately measuring tff is crucial because according to numer-
ical simulations cold gas condensation and strong feedback occur in cluster cores with min(tcool/tff)
below a threshold value close to 10. Recent observations which include the BCG gravity show that
the observed threshold in min(tcool/tff) lies at a somewhat higher value, close to 10-30; there are only
a few clusters in which this ratio falls much below 10. In this paper we compare numerical simulations
of feedback AGN (Active Galactic Nuclei) jets interacting with the intracluster medium (ICM), with
and without a BCG potential. We find that, for a fixed feedback efficiency, the presence of a BCG
does not significantly affect the temperature but increases (decreases) the core density (entropy) on
average. Most importantly, min(tcool/tff) is only affected slightly by the inclusion of the BCG gravity.
Also notable is that the lowest value of min(tcool/tff) in the NFW+BCG runs are about twice larger
than in the NFW runs because of a shorter time for feedback heating (which scales with the free-fall
time) in the former. We also look at the role of depletion of cold gas due to star formation and
show that it only affects the rotationally dominant component (torus), while the radially dominant
component (which regulates the feedback cycle) remains largely unaffected. Stellar gas depletion also
increases the duty cycle of AGN jets. The distribution of metals due to AGN jets in our simulations
is predominantly along the jet direction and the radial spread of metals is less compared to the obser-
vations. We also show that the turbulence in cool core clusters is weak, consistent with recent Hitomi
results on Perseus cluster.
Subject headings: galaxies: clusters: intra-cluster medium – galaxies: halos – galaxies: jets
1. INTRODUCTION
Dense X-ray emitting plasma in cool cluster cores is
susceptible to thermal fragmentation, leading to the for-
mation of a multiphase medium consisting of cold dense
clouds condensing from the hot ICM. The infall and ac-
cretion of these cold clouds onto the central super mas-
sive black hole (SMBH) powers the AGN outbursts that
maintain the ICM (Pizzolato & Soker 2005) in rough
thermal balance. Early idealized simulations predicted
that cold gas stochastically condenses out of the hot ICM
if the minimum in the ratio of the cooling time to the
free-fall time (min[tcool/tff ]) falls below a threshold close
to 10 (McCourt et al. 2012; Sharma et al. 2012). This
cold gas is expected to lose angular momentum due to
cloud-cloud collisions and due to drag imparted by the
hot gas, fall inwards and fuel AGN outbursts (Gaspari
et al. 2013; Prasad et al. 2016). The feedback process is
self-regulatory with phases dominated by radiative cool-
ing and jet heating (McNamara et al. 2005; Rafferty et al.
2006). Several recent feedback jet simulations evolved
over cosmological timescales are now able to reproduce
the gross observed properties of cool cluster cores (Gas-
pari et al. 2012; Li et al. 2015; Prasad et al. 2015; Yang
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& Reynolds 2016b).
Since AGN feedback is triggered by the precipitation
of cold gas from the hot ICM (Sharma et al. 2012; Voit
et al. 2015), the feedback process is sensitively dependent
on the properties of X-ray emitting gas in cluster cores.
Recent works like Voit & Donahue (2015); Hogan et al.
(2017a,b) highlight the importance ofexplicitly includ-
ing the central brightest cluster galaxy (BCG) to deter-
mine the acceleration due to gravity (g) and free-fall time
(tff ≡ [2r/g]1/2) in cluster cores. Most cool core clusters
have BCGs at their centers whose gravity dominates the
gravity due to the dark matter halo within the central
20-30 kpc. Hogan et al. (2017b) argue that including the
BCG gravity increases min(tcool/tff) in most cool core
clusters above 10, and hence observations are in tension
with the simulation results that find min(tcool/tff) drop
down to a few (albeit for a short time). In this paper we
test if including the BCG potential changes the value of
min(tcool/tff) in the jet-ICM simulations, and compare
our simulation results with observations.
The AGN-ICM coupling can happen through shocks
(Fabian et al. 2003; Li et al. 2016), turbulence (Zhuravl-
eva et al. 2014), mixing (Banerjee & Sharma 2014; Hillel
& Soker 2016), entrainment (McNamara et al. 2005; Pope
et al. 2010), cosmic rays and thermal conduction (Voigt
& Fabian 2004; Guo & Oh 2008; Sharma et al. 2009a) or a
combination of these processes (Cielo et al. 2018). How-
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ever, the relative importance of these various processes
in heating the cluster core is not clear. Among these
mechanisms, turbulent heating seems to be ruled out by
recent Hitomi observations of the Perseus cluster (Hitomi
Collaboration et al. 2016), which show that the turbu-
lence level in the cluster core is weak. Even if turbulent
heating may not be the dominant mechanism for core
heating, turbulent mixing and diffusion still plays an im-
portant role in core thermodynamics and in transporting
out the freshly created metals in star-forming cool clus-
ter cores. Consequently another aim of our paper is to
compare AGN-driven turbulence in our simulations with
the observational constrains on ICM turbulence.
In addition to maintaining rough thermal equilibrium
in cool core clusters, AGN jets, as they rise buoyantly to
100s of kpc, also play a potential role in distributing met-
als by entraining metal enriched gas (Pope et al. 2010;
Revaz et al. 2008) from star forming inner regions of the
cool-core clusters. Observations show that in nearby cool
core clusters the central ∼ 100 kpc have a sharply rising
metallicity while the outer regions have a constant metal-
licity (Tamura et al. 2004; Fujita et al. 2008; Simionescu
et al. 2011; Werner et al. 2013). On the other hand, in
non-cool clusters the metallicity in the cluster core in-
creases only marginally with a decreasing radius, with
the outer regions having a fixed metallicity similar to
cool-core clusters (Leccardi & Molendi 2008). Further,
the metallicity within the central 100-150 kpc evolves
with redshift (z < 1.4) in cool core clusters while the
outer regions do not show any evolution (Ettori et al.
2015).
Observations of several cool core clusters show that the
metallicity is high beyond the cluster core along the AGN
jet direction (Simionescu et al. 2009; Kirkpatrick et al.
2009; O’Sullivan et al. 2011) as compared to the perpen-
dicular direction. This suggests that the cavities created
by AGN jets are able to carry the metal enriched gas to
regions beyond the star forming cluster cores. Further,
as the AGN outflow is bi-conical in nature, the isotropic
distribution of metals (at a rather large value ≈ 0.3Z⊙)
in cluster outskirts suggests that the metal enrichment of
ICM out to the virial radius happened at early times, by
when most of the metals in the universe were already pro-
duced. We include a crude model for metal injection by
injecting metallicity within small biconical jet source re-
gions rather than following the stellar distribution in the
BCG. Metallicity at ∼100 kpc should be affected mainly
by transport due to AGN jets rather than by injection.
Moreover, we only consider metal production in the clus-
ter center and ignore the dominant process of early en-
richment in which metals were produced far from the
BCG within the galaxies that merged to form the even-
tual cluster. The aim of our metallicity study is limited
– to quantify the dispersal of metals only due to AGN
jets in realistic cool cores.
This paper is organized as follows. In section 2 we
present the numerical setup followed by analysis meth-
ods. Section 3 presents the key results of our 3-D simula-
tions. We compare the simulations with and without the
central BCG in detail. We provide a quantitative com-
parison between the BCG+NFW runs with and without
stellar depletion. We also analyze hot gas velocity distri-
bution and turbulence in cluster cores, and discuss the
nature of metal distribution due to AGN jets. In section
4 we compare our results with observations and discuss
their implications. We conclude with a brief summary in
section 5.
2. NUMERICAL SETUP
We modified the PLUTO MHD code (Mignone et al.
2007) to simulate AGN feedback in galaxy clusters. We
solve the standard hydrodynamic equations in spherical
coordinates (r, θ, φ) with cooling, external gravity and
mass and momentum source terms due to AGN jet feed-
back, as described in section 2 of Prasad et al. (2015).
We explore the effects of BCG at the centre of galaxy
cluster by including the BCG potential along with the
usual NFW potential. We use the same feedback pre-
scription as Prasad et al. (2015), with a fixed feedback
efficiency, ǫ = M˙jv
2
j /M˙accc
2 = 5 × 10−4 (see Eq. 6 in
Prasad et al. 2015), where M˙j is the jet mass loading
rate, vj (= 0.1c, c is the speed of light) is the injected
jet velocity, and M˙acc is the accretion rate through the
radial inner boundary of the domain at rin = 0.5 kpc.
These parameters are somewhat different from our pre-
vious papers (Prasad et al. 2015, 2016) but our results
are qualitatively similar.
2.1. Gravitational Potential
The dark matter halo mass (M200) for all our runs
is 7 × 1014M⊙. One of our runs uses only the NFW
gravitational potential (Navarro et al. 1997). For the
other two runs the external gravitational potential is the
sum of two different potentials: 1) NFW dark matter
potential, and 2) a singular isothermal sphere (SIS) for
the central brightest cluster galaxy,
Φ = ΦNFW +ΦSIS. (1)
The singular isothermal sphere potential (SIS) for the
brightest cluster galaxy is given by:
ΦSIS(r) = 4πGρ0a
2
0 ln(r/a0), (2)
where ρ0 = 1.67 × 10−23 gcm−3 and a0 = 3 kpc. The
isothermal sphere circular velocity Vc =
√
4πGρ0a20 =
350 km s−1. The circular velocity is in the range of Vc
observed in the cluster sample of Hogan et al. (2017a)
(note that this paper uses the equivalent stellar velocity
dispersion σ⋆ = Vc/
√
2).
2.2. Grid, Initial and Boundary Conditions
We perform our simulations in spherical coordinates
with 0 ≤ θ ≤ π, 0 ≤ φ ≤ 2π, and rmin ≤ r ≤ rmax, with
rmin = 0.5 kpc and rmax = 500 kpc. We use a logarith-
mically spaced grid in radius, and an equally spaced grid
in θ and φ.
The outer electron number density is fixed to be ne =
7×10−4 cm−3 . Given the entropy profile with a core (Eq.
7 in Prasad et al. 2015) and the outer density, we solve
for hydrostatic equilibrium and obtain the density and
pressure profiles in the gravitational potential (for details
see Prasad et al. 2015). As in Prasad et al. (2015), we
introduce small (maximum over-density is 0.3) isobaric
density perturbations on top of the smooth density. The
gas is allowed to cool to 50 K unlike Prasad et al. (2015)
where cooling was cut-off at 104 K.
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We apply outflow boundary conditions at the inner
radial boundary, where gas is allowed to go out of the
computational domain but not allowed to enter it. We
fix the density and pressure at the outer radial boundary
to the initial value and the gas is not allowed to flow
in/out of the outer radial boundary. Reflective boundary
conditions are applied in θ (with the sign of vφ flipped
at the poles) and periodic boundary conditions are used
in φ.
2.3. Stellar Gas Depletion
One of our runs (see Table 1) implements a crude
model for mass depletion of cold gas due to star for-
mation. To simulate the removal of cold gas due to
star formation, we deplete the cold gas with tempera-
ture T < 0.005 keV (≈ 5× 104 K) and density ρ > 10−24
g cm−3 using a sink term in the mass conservation equa-
tion
∂ρ
∂t
+∇.(ρv) = Sρ −Dρ, (3)
where the depletion term Dρ = ρ/τ and τ = 200 Myr is
the gas depletion timescale (this is on the lower side of
the range seen in observations; e.g., see Fig. 9 of Pulido
et al. 2018). Note that there is a large uncertainty in
the determination of the star formation rate and hence τ
(e.g., see Mittal et al. 2015). Our choice of τ is such that
our cold gas mass is in a range consistent with observa-
tions. Here, Sρ is the usual AGN jet mass source term as
in Eq. 1 of Prasad et al. (2015). Note that, unlike here, in
Prasad et al. (2016) we only accounted for stellar deple-
tion in post processing. We do not consider feedback due
to star formation because it is sub-dominant compared
to AGN feedback in massive halos.
2.4. Metallicity
Using our realistic cool core simulations, we also wish
to study the jet-driven transport of metals produced re-
cently (after majority of stars within the cluster have
already formed and the cluster with a cool core is assem-
bled) in the BCGs of cool-core clusters. To quantify the
spread of metals in the ICM, we evolve the passive scalar
equation with a source term in the jet mass source region
∂Z
∂t
+ v · ∇Z = Zj Sρ
ρ
, (4)
where Z is the metallicity defined as the ratio of metal
mass and total gas mass (normalized to the solar value,
Z⊙), Zj is the normalization of the jet metallicity and
Sρ is the jet mass source term (see Eq. 3). The jet
metallicity Zj is somewhat arbitrary as our focus is on
the spatial spread of metals due to AGN jets rather than
the actual value of metallicity. We choose Zj = 100 as
it gives a reasonable metallicity values for the simulated
ICM. This value is also justified by considering the mass
loading factor of AGN jets relative to the star forma-
tion rate in the BCG. From our jet feedback prescrip-
tion, M˙j = (ǫc
2/v2j )M˙acc = 0.05M˙acc for our parame-
ters.1 The mass accretion rate at 0.5 kpc is ∼ 5M⊙ yr−1
1 As emphasized in Prasad et al. (2016), M˙acc depends on the
choice of rin. Current cluster simulations simply do not have the
resolution to directly simulate accretion on to the SMBH.
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Fig. 1.— Comparison of the initial electron number density, tem-
perature, tcool/tff and gravitational acceleration (g) profiles for the
NFW (blue line) and NFW+BCG (red line) runs. The effect of the
BCG is felt only within the central 50 kpc.
(see Table 1). On the other hand the average star forma-
tion rate (SFR) is expected to be a few 10s of M⊙yr
−1.
Since all the metals produced due to star formation in
the BCG are deposited in the jet region in our simula-
tions, Zj ∼ (SFR/M˙acc) × (M˙acc/M˙j) ≈ 5 × 20 = 100
is a reasonable order of magnitude normalization for the
metal source term.
In our metallicity profiles (c.f. Figs. 9 & 10) we add
0.3Z⊙ to account for the ambient metallicity close to the
viral radius due to early enrichment. The radial spread
of metals due to AGN jets is quantified using,
Z(r) =
∫
θ
∫
φ Z(r, θ, φ)ρ sin θdθdφ∫
θ
∫
φ
ρ sin θdθdφ
, (5)
where r is the radius. Similarly, the angular distribution
of metallicity due to AGN jets is quantified by
Z(θ) =
∫
r
∫
φ Z(r, θ, φ)ρr sin θdrdφ∫
r
∫
φ ρr sin θdrdφ
. (6)
3. RESULTS
In this section we describe the important results of
our simulations. Table 1 lists all our runs. We show that
the inclusion of BCG potential does not affect the cluster
temperature but affects the average electron number den-
sity, tcool/tff and entropy profiles in the core. We study
the effect of stellar cold gas depletion on cluster evolu-
tion. We also show that the turbulence level in cluster
cores is weak, consistent with the recent Hitomi results.
We find that the metal distribution is anisotropic and
too narrow in radius as compared to the observations.
3.1. NFW vs NFW+BCG potential
3.1.1. Average 1-D Profiles
Figure 1 shows the initial angle-averaged profiles of
electron number density, temperature, tcool/tff and grav-
itational acceleration (g) for the runs with NFW and
NFW+BCG potentials. The plots show that the effect of
BCG is felt only within the central 50 kpc of the cluster.
The density and temperature in the core are nearly dou-
ble when the BCG potential is included. Bottom right
panel of Figure 1 shows that the inclusion of BCG poten-
tial makes the gravitational acceleration rise sharply at
small radii. This affects the tcool/tff profile in the inner
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TABLE 1
List of runs
Run rin rout ǫ run time M˙acc Mcold τ fraction of time for which
(kpc) (kpc) (Gyr) (M⊙yr−1) (1010M⊙) (Myr) min(tcool/tff ) <10, 5
NFW 0.5 500 5× 10−4 4 4.4 2.0 ∞ 47%, 14%
NFW+BCG 0.5 500 5× 10−4 4 6.7 4 ∞ 55%,14%
NFW+BCGd† 0.5 500 5× 10−4 4 7.1 0.2 200 77%,19%
The M200 for all the runs is 7× 1014 M⊙. The resolution of all runs, done in spherical (rmin ≤ r ≤ rmax, 0 ≤ θ ≤ π, 0 ≤ φ ≤ 2π)
coordinates, is 256 × 128 × 32. A logarithmic grid is used in the r− direction, and a uniform one in others. M˙acc is the average
(cold+hot) mass accretion rate across rin from 0 to 4 Gyr; Mcold is the total cold (T < 0.005 keV) gas mass in the simulation domain by
the end of the run.
† ‘d’ at the end of the label stands for depletion of cold gas.
regions (r . 20 kpc). The BCG potential, as we dis-
cuss later, also shortens the feedback response time and
prevents min(tcool/tff) in NFW+BCG runs from falling
below ≈ 2. The initial min(tcool/tff) is 8.8 for the NFW
run while it is 9.8 for the NFW+BCG run.
Figure 2 shows the mean and 1−σ spread in the angle-
averaged, emissivity weighted electron number density,
temperature, entropy and tcool/tff profiles for the X-ray
emitting gas (0.5-10 keV) from 1-4 Gyr for NFW and
NFW+BCG runs. The mean and 1σ spread about the
mean are calculated at each radius for different quantities
between 1-4 Gyr. The density plot in Figure 2 shows that
the average core density and the 1σ spread about the
mean are higher for the NFW+BCG run as compared to
the NFW run. This higher electron number density is
expected as the deeper potential well makes it difficult
for AGN jets to remove the gas from the cluster core (due
to the addition of the BCG potential).
Unlike density, temperature does not show any signif-
icant difference for the NFW and NFW+BCG runs. Al-
though, there was a difference in the initial cluster core
temperature (see Figure 1), radiative cooling and AGN
heating cycles remove this difference during the course
of long term evolution. As a result of electron num-
ber density being higher for the NFW+BCG run, en-
tropy (K = TkeV/n
2/3
e ) is correspondingly lower. The 1σ
spread of entropy about the mean has a small overlap
in the cluster core while they almost lie on top of each
other at larger radii. This shows that the effect of BCG
is only felt within the central 50 kpc of the cluster. Outer
regions are largely unaffected by the presence of BCG at
the cluster centre.
The evolution of tcool/tff profile in Figure 2 shows a be-
havior similar to entropy for both NFW and NFW+BCG
runs. Similar to entropy, the average tcool/tff profile
separates below 50 kpc for the NFW and NFW+BCG
runs. Owing to a shallower potential well, AGN jets are
able to evacuate the core in the NFW run easily, leading
to a longer cooling time. Despite having a longer free-
fall time (tff), the longer cooling time (tcool) leads to a
tcool/tff ratio for the NFW run which is above that of
the NFW+BCG run with small overlap in the core. For
a shallower potential well, AGN jets are able to cause
overheating out to larger distances from the centre.
3.1.2. Jet Power and X-ray Luminosity
One of the ways to look at cooling and heating in clus-
ters is to compare the core X-ray luminosity (a crude
measure of cooling) and jet/cavity power (a crude mea-
sure of heating). Figure 3 shows the variation of cavity
power (Pcav), a proxy for jet power, with the core (r < 30
kpc) X-ray luminosity of gas between 0.5 to 2 keV (Lx)
for the runs with and without the BCG potential. Cav-
ity power is calculated as described in section 3.1.5 of
Prasad et al. (2015). Most of the points lie above the
Pcav = Lx locus, showing that the cluster is overheated
at most times for our choice of accretion efficiency in both
cases. Although not apparent from this plot, Pcav and
Lx show an anti-clockwise cyclic behaviour in Pcav − Lx
space as anticipated by Sun 2009; McDonald et al. 2010.
The dense cooling cluster cores with small jet power to
begin with, start accreting at a high rate after the con-
densation and infall of cold gas. A large jump in ac-
cretion rate leads to an increase in the jet power and
overheating of the core. After a while, with a suppressed
accretion rate the core cools and stage is set for another
heating cycle. Further, in the NFW+BCG run, extreme
heating events are absent compared to the NFW case.
This is a consequence of a deeper potential well in the
NFW+BCG run. Also unlike the NFW+BCG run, the
NFW run spends significant time with Pcav > 10
46 erg
s−1 (see also Fig. 4).
Another important point that is obvious from Figure 3
is that the correlation between the cavity power and core
X-ray luminosity is rather weak, and there are hysteresis
cycles (a key focus of Prasad et al. 2015). The correla-
tion is expected to be much tighter in single phase Bondi
accretion (Prasad et al. 2016). Because of the episodic
nature of cold gas accretion, for the same core X-ray
luminosity (or equivalently min[tcool/tff ]), very different
cavity powers are seen.
3.1.3. Jet Power, min(tcool/tff) & Cold Gas Mass
Figure 4 shows the time evolution of jet power, cold gas
mass and min(tcool/tff) for the NFW and NFW+BCG
runs. Note that in the run with just the NFW potential
(left panel), there are fewer, more powerful jet events
of longer duration than in the NFW+BCG run (right
panel). As the NFW potential is shallower compared to
NFW+BCG potential, the jets are able to cause greater
disruption. This leads to more frequent and small du-
ration radiative cooling and AGN heating cycles for the
NFW+BCG run as compared to the NFW run. In both
cases, we see a rotationally dominant, stable cold gas
torus forming in the central few kpc, as has been reported
in several works (e.g. Gaspari et al. 2012; Li et al. 2015;
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Fig. 2.— Angle-averaged, emissivity-weighted electron number density, temperature, entropy and tcool/tff profiles and 1σ spread at all
radii calculated from the mean value for the X-ray gas (0.5-10 keV) from 1-4 Gyr. The electron number density is on the higher side for
the NFW+BCG run compared to the NFW run throughout evolution but the temperature profiles are similar for both cases.
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Fig. 3.— Cavity/jet power (Pcav) plotted against X-ray luminos-
ity of the core (r < 30 kpc, Lx; 0.5−2 keV) for the run with (stars)
and without (diamonds) the BCG potential. The dot-dashed pur-
ple line shows the locus of Pcav = Lx. With most of the points
lying above the Pcav = Lx line, the clusters are over-heated at
most times for the chosen feedback efficiency (ǫ).
Prasad et al. 2015). By the end of 4 Gyr the amount of
cold gas exceeds 1010 M⊙ in both cases, with most of the
cold gas localized in the massive torus.
The NFW run shows larger min(tcool/tff) values after
the jet events compared to the NFW+BCG run. Table
1 shows that the NFW run has min(tcool/tff) below 10
for 47% of the run time, while for the NFW+BCG run
min(tcool/tff) is below 10 for a higher fraction (55%) of
the time. The fraction of time spent with min(tcool/tff)<
5 is 14% in both cases. Therefore, we expect only a
small number of clusters with min(tcool/tff)< 5. The
range of min(tcool/tff) for the NFW run is 1-30 while it
is 2-22 for the NFW+BCG run. Due to stronger gravity
in latter, the feedback response time is shorter; conse-
quently, min(tcool/tff) in NFW+BCG case never drops
below 2 while in the NFW case it can drop below 1.
For the same reason, jet power in the NFW+BCG run
does not reach as high as in the NFW run; heating phase
starts quickly before a lot of cooling (followed by large jet
power) occurs. The min(tcool/tff) ratio and jet power are
not perfectly anti-correlated. There are times when ac-
cretion of gas clouds lingering from previous cycles leads
to strong jet outburst even when the core is not back to
min(tcool/tff)< 10. At times, multiple such events can
occur in quick succession, especially when min(tcool/tff)
is close to 10.
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Fig. 5.— Jet power (dot-dashed green line), cold gas mass (solid
red line) and min(tcool/tff ) (blue squares) for the NFW+BCG run
with stellar gas depletion. The magenta dashed line shows the
post processed (using Eq. 10 in Prasad et al. 2015) cold gas mass
with τ = 200 Myr for the NFW+BCG run without stellar de-
pletion. Jet power and min(tcool/tff ) show similar values to the
NFW+BCG run without stellar depletion, but the time duration
between consecutive jet events is shorter. The total cold gas at the
end of 4 Gyr is an order of magnitude smaller in comparison to
the NFW+BCG without stellar gas depletion (see the right panel
of Fig. 4). Note that the lowest min(tcool/tff ) is always above 2,
like in the NFW+BCG case without stellar gas depletion.
3.2. Effects of Stellar Gas Depletion
One of the problems with recent hydrodynamic simula-
tions of AGN feedback in galaxy clusters is the formation
of a massive torus in the central few kpc of the cluster
core (Gaspari et al. 2012; Li et al. 2015; Prasad et al.
2015), which is generally on the higher end of the ob-
served cold gas mass spectrum (this of course depends
on the choice of ǫ). The cold gas in the torus is dom-
inated by rotation and is decoupled from the feedback
cycle. However, observations show that only a few clus-
ters like Hydra (Hamer et al. 2014) have rotating cold
disks extending few kpc. In most clusters no such promi-
nent structure is observed and most of the cold gas is in
extended filaments (Russell et al. 2016, 2017). To ame-
liorate the problem of excess cold gas mass in our sim-
ulations, we include a simplified model for the depletion
of cold gas due to star formation as described in section
2.3.
For the NFW+BCG run with stellar gas depletion (la-
beled NFW+BCGd) the mass flow rate across the in-
ner boundary is 7.1 M⊙yr
−1, comparable to that in the
run without depletion (see Table 1). This means that
star formation primarily affects the rotationally domi-
nant cold gas component (torus) while the radially dom-
inant component with a free-fall time shorter than the
depletion time (τ ; see Eq. 3), which controls the feed-
back cycle, remains largely unaffected.
Figure 5 shows the evolution of jet power, cold gas
mass and min(tcool/tff) for the NFW+BCGd run. The
dashed magenta line shows the total cold gas mass when
cold gas is depleted in post processing (as in Prasad et al.
2016) for the NFW+BCG run, while the solid red line
shows the total cold gas mass for the NFW+BCGd run.
In both cases, the cold gas depletion time, τ , is 200 Myr.
Both approaches show the dynamic nature of the amount
of cold gas, with the peak cold gas mass at ≈ 1010 M⊙.
This is unlike the run without cold gas depletion in which
the total cold gas mass gets saturated after 2 Gyr at
& 1010M⊙ (see the right panel of Fig. 4). With stellar
depletion, the total cold gas in the core lies in the range
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Fig. 6.— Time-averaged (from 1-4 Gyr) velocity-radius distribu-
tion of the X-ray gas (0.5-10 keV) for the NFW+BCG run without
stellar depletion. The plot shows the |v| − r mass distribution -
d2M/(d ln |v|d ln r) (∆v = 10 km s−1, ∆ log10 r = 0.03 are the bin
sizes). In the central regions (r < 60 kpc), most of the hot gas
mass (of the order of 1010 M⊙) is in the velocity range of 0-400 km
s−1. However, small amount of gas ( ∼ 107 M⊙) has velocity going
up to 1000 km s−1. A similar velocity-radius map of the X-ray gas
is obtained for the NFW+BCG run with stellar depletion.
of observed cold gas mass in cool cluster cores (see Figure
8 in Prasad et al. 2016).
The evolution of jet power with time for the
NFW+BCGd run in Figure 5 shows significant differ-
ence from the NFW+BCG run in Figure 4. While the
peak jet power is roughly of the same order for the two
runs, the duration of each jet event is smaller in the run
with stellar gas depletion. When cold gas gets depleted
because of star formation, AGN jets encounter less resis-
tance (cold clumps help energy deposition in the core by
inducing local turbulence; c.f. Fig. 8) on their way out
from the cluster core. As a result, they deposit most of
their energy at larger distances. Cluster core is not over-
heated despite a large jet power, and the cluster core
maintains its cool characteristics for longer. This leads
to frequent jet events of shorter intervals.
The evolution of min(tcool/tff) ratio with time for the
run with stellar gas depletion in Figure 5 is as expected.
Right before a major jet event, this ratio dips below 10
signaling a cooling phase in the cluster core. The cool-
ing phase is followed by a strong accretion phase which
gives rise to a powerful jet outburst. This heats up the
core, pushing min(tcool/tff) above 10, marking the com-
pletion of one cooling-heating cycle. This is repeated
multiple times during our simulation. The min(tcool/tff)
ratio fluctuates between 2-20 during the course of the
simulation, with 77% of the time it lying below 10 but
only 19% of the time below 5. Like the NFW+BCG run
with no depletion, even here the min(tcool/tff) ratio never
drops below 2.
3.3. Turbulence in Cool-Core Clusters
AGN-ICM interaction gives rise to turbulent motion of
the gas in the ICM. In our previous paper (Prasad et al.
2015), we looked at the cold gas kinematics in the cluster
core due to AGN-ICM interaction. Here, we look at the
motion of X-ray emitting hot gas (0.5-10 keV) in the
cluster core and compare it with the Hitomi results for
the Perseus cluster (Hitomi Collaboration et al. 2016).
Figure 6 shows the average (from 1-4 Gyr) velocity-
radius distribution (d2M/d ln |v|d ln r ) of the X-ray gas
(0.5 - 10 keV) for the NFW+BCG run. The central 100
kpc hot gas distribution shows that most of the hot gas
mass (& 1010 M⊙) lies in the velocity range of 0-400 km
s−1. For 100-300 kpc radial range, the hot gas velocity
has a broader distribution with the velocity range ex-
panding to 0-500 km s−1. There is also a small fraction
of gas with velocity reaching beyond 900 km s−1. The
small fraction of gas attains this high value due to AGN
jets. Beyond 300 kpc, most of the mass has velocity in
the range of 0-200 km s−1.
The left panel of Figure 7 shows line of sight velocity
dispersion (LOSVD) with time within 30-60 kpc of the
cluster center for the X-ray gas in our NFW+BCG run.
We show the results for all X-ray gas (0.5-10 keV) and
for 2-8 keV plasma in the same spherical shell. The latter
range corresponds to the gas responsible for Fe XXV 6.6
keV line probed by Hitomi in the core of Perseus cluster.
The LOSVD is calculated for the velocity component
parallel to the y-axis (perpendicular to jet injection di-
rection; θ = 90o) and z-axis (parallel to jet injection
direction; θ = 0o). Other than a slight divergence in the
LOSVD of the X-ray gas at late times (t > 3 Gyr) for
θ = 90o, the results for the hot and total X-ray gas, and
between different orientations are very similar. The tim-
ing of the sharp rise and fall in the velocity dispersion
correlates with the rise in jet power (see the right panel of
Fig. 4). The AGN jet outbursts push the LOSVD from
100 km s−1 range to ∼ 250 km s−1. As the jet activity
dies down, velocity dispersion drops back to the 100 km
s−1 level. The LOSVD is in the same range as earlier
independent simulations (Li et al. 2016; Lau et al. 2017).
The θ = 90o LOSVD is higher in the quiescent state for
0.5-10 keV compared to 2-8 keV because of a large frac-
tion of infalling/rotating soft X-ray emitting gas (< 2
keV) in the mid-plane at these epochs.
The right panel of Figure 7 shows the probability dis-
tribution function (PDF) of the line of sight velocity
(LOSV) perpendicular to the jet direction (θ = 90o) for
the hot X-ray gas (2-8 keV) within 30-60 kpc (to compare
with Hitomi observations of the Perseus core). The solid
black line shows the time-averaged PDF (averaged from
1-4 Gyr), and dashed red and dot-dashed blue lines show
the PDF at 2.35 Gyr and 2.1 Gyr.These times correspond
to a trough and a peak, respectively, in the LOSVD plot
in the left panel. The PDF for the LOSV peaks close to
0 km s−1, showing the absence of significant bulk flows in
the hot phase. During strong AGN jet activity, the PDF
of the LOSV has an extended high velocity (& 300 km
s−1) tail which is absent otherwise. LOSV distribution
is similar along the jet direction (θ = 0o), except with
somewhat higher velocity tails when the jet is active.
3.4. Spread Of Metals By AGN Jets
AGN jets help transport the metals from star forming
core regions (and also metals produced by type Ia super-
novae in the BCG) in cool core clusters. Here we use a
simplified model of metal transport in which all metals
are injected close to the center in the jet injection region.
Our model should be fine to quantify metal transport in
cool-core clusters due to AGN jets.
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Fig. 7.— Left panel shows the line of sight velocity dispersion (LOSVD) with time for 2-8 keV plasma (a proxy for Fe XV line emission)
and total X-ray gas (0.5-10 keV) within 30-60 kpc of the NFW+BCG run without stellar gas depletion. The solid lines (blue line is parallel
to jet direction (z-axis) while red line is perpendicular to jet direction) represent the LOSVD for 2-8 keV gas. Dashed lines (green line
is perpendicular to the jet direction while magenta line is parallel to the jet direction) show the LOSVD for the total X-ray gas (0.5-10
keV). Right panel shows the probability distribution function (PDF) of the volume-weighted line of sight velocity perpendicular to the jet
direction for the 2-8 keV gas. The solid black line is the time-averaged PDF between 1-4 Gyr, while the dashed red and dot-dashed blue
lines correspond to the PDF at t = 2.35 Gyr and t = 2.1 Gyr, respectively. These times correspond to a trough and a peak in the LOSVD
as seen in the left panel. Note the presence (absence) of high velocity tails at 2.1 (2.35) Gyr.
Figure 8 shows the extent of metal distribution due to
AGN jets in the NFW+BCG simulations, at the end of
4 Gyr for the runs with (left panel) and without (right
panel) stellar depletion. These plots show that AGN jets
can spread metals beyond 400 kpc in both cases, pre-
dominantly in the jet direction. There is a noticeable
difference between metallicity distribution at larger radii
in the runs with and without gas depletion. Jets en-
counter less resistance due to clumpy cold clouds in the
simulation with cold gas depletion and therefore travel
mostly along the direction of jet injection without much
dispersion in the transverse directions. Without stellar
depletion the metal distribution is much more laterally
extended at large radii because of vorticity generation
at the hot-cold interface of the cold gas clouds (see the
upper panel of Figure 8).
Figure 9 shows the angular distribution of mass
weighted metallicity (Eq. 6) of the ICM for different
radial shells (∆r = 20 kpc) at 4 Gyr for the NFW+BCG
runs with and without stellar gas depletion. The distri-
bution shows bimodality with metallicity peaking near
the polar regions, as expected from Figure 8. However,
the metallicity peak is higher by a factor of 2 for smaller
radii with stellar depletion as compared to the run with-
out stellar depletion, again reflecting higher lateral mix-
ing in the latter case.
Figure 10 shows the angle-averaged distribution of
metals as a function of radius at 4 Gyr (Eq. 5) for the
NFW+BCG runs without stellar gas depletion. Metal-
licity shows a steep rise in the cluster core (r < 0.02r500),
while beyond 0.02r500 there is only . 2× change in
metallicity over the background 0.3Z⊙. This shows that
the impact of AGN jets in distributing the metals is lim-
ited to the cluster core. The shaded regions depict the 1σ
scatter of metallicity about the mean (cyan is for O, grey
is for Fe) as a function of radius for the sample of clus-
ters and groups in Mernier et al. 2017. The observations
show a more extended metal distribution (till 0.1r500) as
compared to our simulations.
4. DISCUSSION
Recent observations of galaxy clusters have thrown up
many challenges for the simulations of cold mode feed-
back in cool cores. Two of the key challenges are: (i) the
near absence of cores with min(tcool/tff)<10 (Hogan et al.
2017a,b; see however, Voit & Donahue 2015; Lakhchaura
et al. 2016; Pulido et al. 2018), unlike smaller ratios
(down to unity) seen in simulations (albeit for a short
time); and (ii) the absence of massive rotating cold tori
in observations, which are routinely seen within the cen-
tral few kpc of cool core simulations, except in Hydra A
(Hamer et al. 2014). In light of these discrepancies, we
have incorporated two effects in our simulations to see
if simulations can be reconciled with observations: (i) a
central BCG potential; and (ii) a simple model for gas
depletion due to star formation. We study the effects of
these new physical ingredients on the long term evolu-
tion of cluster cores. Additionally, we quantify other im-
portant X-ray observables such as metallicity and level
of turbulence in the X-ray emitting gas in cool cluster
cores.
4.1. How much below 10 does min(tcool/tff) fall?
Pinning the gravitational acceleration to that of the
central BCG at small radii, Hogan et al. 2017a,b ar-
gue that almost none of the cool cluster cores go be-
low the min(tcool/tff) = 10 threshold for the presence of
cold gas motivated by simulations. While Hogan et al.
(2017b) use a sample of 33 Hα line emitting galaxy clus-
ters and find one core with min(tcool/tff) slightly below
10 (they quote a range in min[tcool/tff ] of 10-35), more
recent observations of 23 cool cores with confirmed de-
tections of CO-emitting gas (Pulido et al. 2018) find 5
systems below 10 (although still above 7). In this sample
10 out of 23 CO-emitting cool cores have min(tcool/tff)
between 8-12 and one system below 8. Further, the
latest observations of the 40 low mass halos (galaxies)
by Babyk et al. (2018) show that min(tcool/tff) falls to
as low as 5. In this sample 8 out of 40 systems have
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Fig. 8.— Metallicity at 4 Gyr for the NFW+BCG runs with
(bottom panel) and without (top panel) stellar gas depletion. Note
that the lateral mixing of metals is more extensive in absence of
gas depletion.
min(tcool/tff) ≤ 10. Voit & Donahue (2015), using a
singular isothermal sphere model (with a fixed velocity
dispersion of 250 km s−1) for the BCG potential, found
a min(tcool/tff) ratio in the range 5-20 for cool core clus-
ters. Following the method of Voit & Donahue (2015),
O’Sullivan et al. (2017) find that out of five galaxy groups
with jets, four have min(tcool/tff) < 15 with lowest value
at 7.4. Thus, the disagreement between cool-core ob-
servations and simulations highlighted in Hogan et al.
(2017b) does not appear to be serious.
The one noticeable discrepancy is the presence of snap-
shots in which min(tcool/tff) falls as low as 1 for the
NFW run (see the left panel of Fig. 4). However,
the BCG potential somewhat alleviates this problem by
shortening the feedback response time (as tff in the core
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Fig. 9.— Angular spread of metals due to AGN jets at 4 Gyr
(see Eq. 6) for shells at different radii (∆r = 20 kpc) for the
NFW+BCG runs without (lower panel) and with (upper panel)
stellar depletion. The peaks at θ = 0 and π show that jets are
unable to disseminate metals in the equatorial regions to large radii.
The metallicity peaks in the polar regions are higher at smaller
radii in the run with stellar gas depletion as compared to the run
without depletion. A metallicity floor of 0.3Z⊙ is added to these
profiles.
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Fig. 10.— Angle-averaged metallicity profile (dot-dashed blue
line) at 4 Gyr for the NFW+BCG run without stellar gas deple-
tion. In the core (r < 0.02r500) metallicity rises sharply above
the background metallicity of 0.3Z⊙ while beyond 0.02r500 AGN
jets seems to have no impact on the metallicity. The grey shaded
region is the 1σ spread about the mean for Fe and the cyan shaded
region is 1σ spread about the mean for O as a function of radius for
the full sample (cluster+groups) in Mernier et al. (2017). Obser-
vations show that the metallicity is elevated for much larger radii
(r < 0.1r500) in clusters in comparison to our simulation. Solid
lines show the metallicity profiles within 15o parallel and perpen-
dicular to the jet direction. The average metallicity profile closely
follows the equatorial profiles because of a larger solid angle. A
metallicity floor of 0.3Z⊙ is added to these profiles.
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Fig. 11.— The normalized histograms for the distribution of sim-
ulated clusters (see Table 1) and observed cluster cores that show
CO emission (Pulido et al. 2018) as a function of min(tcool/tff ).
Notice that the simulated NFW distribution is bimodal and
min(tcool/tff ) goes to as low as unity in this case. All simulated
clusters are biased toward lower min(tcool/tff ) compared to obser-
vations for our choice of ǫ.
is shorter) and preventing the core from cooling below
min(tcool/tff)= 2. In this case feedback acts fast and
feedback jet heating cycle starts before the core can cool
too much. Moreover, for the same reason, the jet power
and min(tcool/tff) after the jet event do not increase to
large values.
Figure 11 shows the histograms of min(tcool/tff) for
our NFW and NFW+BCG runs and from the cool core
sample of Pulido et al. (2018) of the clusters with CO de-
tection. Clearly the NFW simulation shows occurrence
of clusters with min(tcool/tff) as low as unity. More-
over, the NFW core distribution is bimodal with another
peak in min(tcool/tff) occurring at ≈ 30. Similar re-
sults are obtained for 3-D NFW cluster simulations in
Prasad et al. (2015), which uses a smaller value of feed-
back efficiency (ǫ). With the inclusion of BCG there are
no cores with min(tcool/tff)< 2 and there is no second
peak in min(tcool/tff) distribution. While the latter in-
ference depends on ǫ, the former is a generic feature of
a deeper potential well. Thus the inclusion of a BCG
potential brings the simulations in a closer agreement
with cool core observations but even then the observed
distribution is shifted toward higher min(tcool/tff). The
peak of the observed and simulated BCG distributions is
within a factor of two. The disagreement at low values
of min(tcool/tff) may be due to several factors: observa-
tional biases due to sample selection (e.g., even different
samples by the same group show different distributions
of min[tcool/tff ]; e.g., compare Hogan et al. 2017b; Pulido
et al. 2018; Babyk et al. 2018); low spatial resolution (see
Fig. 8 in Hogan et al. 2017b) and breakdown of spherical
symmetry in the core where min(tcool/tff) occurs; sim-
ulations do not include important physical effects such
as thermal conduction and stellar feedback that can in-
crease min(tcool/tff).
Now we discuss the issue of the occurrence of cold gas
even when min(tcool/tff)> 10. Early idealized thermal in-
stability models with heating balancing average cooling
in radial shells (McCourt et al. 2012; Sharma et al. 2012;
Choudhury & Sharma 2016) for the hydrostatic ICM con-
fined by NFW gravity showed min(tcool/tff) . 10 to be a
necessary condition for cold gas condensation. Amount
and extent of cold gas condensation is higher for a smaller
min(tcool/tff). In these models without angular momen-
tum, extra gas from the core drops out leaving behind
a core with min(tcool/tff)& 10 (the exact value of this
threshold depends on the tcool/tff profile, as investigated
in Choudhury & Sharma 2016) that is no longer suscep-
tible to multiphase condensation.
The more realistic feedback AGN jet-ICM simulations
show irregular cooling and heating cycles of the core,
with min(tcool/tff) falling below 10 in the cooling phase
and rising above the threshold value after the cold-gas-
driven AGN jet overheats the core to min(tcool/tff)& 10.
The fraction of time the core spends with min(tcool/tff)>
10 depends on the halo mass and the feedback efficiency.
For a higher feedback efficiency and a shallower gravita-
tional potential, the core spends a longer time in an over-
heated state with min(tcool/tff)> 10. E.g., Table 1 shows
that the NFW run with a shallower potential spends a
shorter time with min(tcool/tff). 10 as compared to the
NFW+BCG runs, for the same feedback efficiency. Un-
like in idealized thermal instability simulations (and 2-D
axisymmetric jet-ICM simulations), angular momentum
of cold gas plays a crucial role in 3-D simulations. The
core can retain substantial amount of cold gas even in the
heating phase as the cold gas supported by angular mo-
mentum is not quickly dispersed or converted into stars.
Thus, in realistic 3-D jet-ICM simulations the correlation
between various cool-core diagnostics is not strong (e.g.,
see Fig. 10 in Li et al. 2015 and Fig. 14 in Prasad et al.
2015). For example, Figures 4 & 5 show that substan-
tial cold gas (and consequently star formation) is present
even if min(tcool/tff) is in the range 10-30 and not neces-
sarily < 10, consistent with the observations.
4.2. Turbulence in Cool Cores
Indirect constraints on turbulent velocities – based on
surface brightness fluctuations (e.g., Zhuravleva et al.
2014), scattering of resonant lines (e.g., Werner et al.
2009), comparison of optical and X-ray derived gravita-
tional accelerations (e.g., Churazov et al. 2008) – in cool
cluster cores show that the turbulent energy is . 10%
of the thermal energy. X-ray line spectra from RGS
(Reflection Grating Spectrometer) on XMM-NEWTON,
because of its insufficient spectral resolution, could only
put weak upper limits on non-thermal velocities (Sanders
et al. 2011). The situation improved after the soft X-ray
spectrometer (SXS) on Hitomi, with its superior spectral
resolution, directly measured the line of sight turbulent
velocity dispersion ≈ 164± 10 km s−1 within 30-60 kpc
of the Perseus core (Hitomi Collaboration et al. 2016).
The turbulent pressure is only ∼ 4 % of the thermal pres-
sure, despite a fairly large jet/cavity power ∼ 1045 erg
s−1 (Bıˆrzan et al. 2004; see Fig. 4 for comparison).
Equating turbulent heating rate density (ρu3L/2L; uL
is the velocity measured at scale L) and radiative cooling
rate density (neniΛ; ne/i is electron/ion number density
and Λ is the cooling function), we obtain that a turbulent
velocity of
uL ≈ 450 km s−1 (L30Λ−23ne,0.05)1/3 (7)
is required for turbulent heating to balance radiative
cooling losses, where L30 is the driving length scaled to
30 kpc, Λ−23 is the cooling function scaled to 10
−23 erg
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cm3 s−1 and ne is electron number density scaled to 0.05
cm−3. This is much larger than the 3-D velocity disper-
sion measured in the core of Perseus ≈ √3 × 164 = 285
km s−1. Moreover, for cold gas condensation not to be
suppressed by turbulent mixing, condensation should oc-
cur at scales larger than the driving scale (see section 4.1
in Banerjee & Sharma 2014). While Hitomi observations
rule out turbulent heating with a driving scale & 10 kpc
as the dominant heating mechanism in the core, turbu-
lent mixing of the core and the hot outskirts and/or AGN
bubble is still possible (e.g., Banerjee & Sharma 2014;
Hillel & Soker 2016; Yang & Reynolds 2016a).
We have quantified turbulent velocities in the hot gas
in our simulations that broadly agree with observations.
Figure 6 shows the velocity-radius distribution of the hot
gas (0.5-10 keV) mass and shows that most of the X-ray
emitting gas has 3-D turbulent velocity . 500 km s−1.
Figure 7 shows the 1-D line of sight velocity dispersion
in the core as a function of time (left panel) and the pdf
of the LOS velocity (right panel). The turbulent velocity
increases with a rise in jet power, but only up to . 200
km s−1. The velocity dispersion in the direction of the
jet is slightly higher than in the perpendicular direction
and the turbulent velocity even in the quiescent state
is & 80 km s−1. A weak turbulent velocity motivates
other models such as intermittent shocks (e.g., Li et al.
2017) and turbulent mixing (e.g., Banerjee & Sharma
2014; Hillel & Soker 2017) as the agents responsible for
heating of the cool core.
4.3. Metal Distribution in Cool Cores
Observations show that the outskirts (r > r2500, the ra-
dius within which the mean matter density is 2500 times
the critical density of the universe; for our choice of pa-
rameters, r2500 = 0.25r200 = 459 kpc) of galaxy clusters
have roughly isotropic distribution of metals (Tamura
et al. 2004; Fujita et al. 2008; Simionescu et al. 2011;
Werner et al. 2013), which is close to 0.3 times the so-
lar metallicity across different systems. Moreover, the
cool-core clusters have a rising metallicity toward the
center (De Grandi & Molendi 2001; Leccardi & Molendi
2008; Ettori et al. 2015). While AGN jets play a key
role in metal transport in the central regions of cool core
clusters, our simulations show that they cannot be re-
sponsible for the isotropic distribution of metals in clus-
ter outskirts (see Fig. 8). Metal enrichment during
the galaxy assembly stage at redshifts & 1 and mixing
driven by mergers seem responsible for such an isotropic
and universal metal distribution in the cluster outskirts.
The observed large-scale metal enrichment of galaxy clus-
ters sheds light on the cluster formation environment at
higher redshifts.
Further, a quantitative comparison of our metal dis-
tribution with the observed metallicity shows that our
metal distribution due to AGN jets is too narrowly dis-
tributed toward the center (see Fig. 10). This finding
is similar to Kannan et al. (2017), who compare metal
transport with and without thermal conduction in cos-
mological simulations of galaxy clusters including AGN
feedback. In absence of thermal conduction, like us,
they find a very centrally peaked metallicity distribu-
tion. With thermal conduction mixing is more efficient,
and metals and heat are spread out more uniformly and
to larger radii (see Fig. 3 in Kannan et al. 2017 and Fig.
1 in Sharma et al. 2009b). Thus the shallow metallicity
profiles of cool core clusters compared to our simulations
(see Fig. 10) point to the importance of (anisotropic)
thermal conduction in heat and metal transport in clus-
ter cores. An additional caveat is that our idealized sim-
ulations do not include cosmological halo mergers that
can further stir the ICM, especially at higher redshifts
(e.g., see Vogelsberger et al. 2018).
5. CONCLUSIONS
We study the effects of the gravity of the brightest
central galaxy (BCG) and depletion of cold gas due to
star formation in our simulations to compare with the
observations of cool core clusters. We also study the
nature of turbulence in cool cluster cores and the metal
distribution due to AGN jets. Following are our key
conclusions:
1. The presence of BCG potential does not have an
impact on the temperature in the cluster core.
However, for a fixed feedback efficiency the pres-
ence of the BCG increases the average density of
hot gas in the core. A larger core density decreases
the core entropy and the tcool/tff ratio, on average
(see Fig. 2). AGN jets cause greater disruption in
the core of the shallower NFW potential as com-
pared to the NFW+BCG potential. A stronger
gravity due to the central BCG makes the feedback
jets respond faster and prevents min(tcool/tff) from
falling below 2, discernibly higher than the min-
imum value with only the NFW potential (≈ 1).
For the same reason the jet power with the inclu-
sion of the BCG potential does not rise beyond
1046 erg s−1. The min(tcool/tff) distribution of our
BCG simulations is still biased toward smaller val-
ues compared to the observations (Fig. 11), but
the discrepancy is at less than a factor of two level.
Moreover, 3-D jet simulations produce cold gas
with angular momentum which can exist even with
min(tcool/tff) as high as 30, in agreement with ob-
servations. Given a dispersion in the observational
results and the low angular resolution in the core,
the discrepancy between observations and realistic
3-D feedback jet simulations is not glaring.
2. Star formation, modeled with a gas depletion time
of 0.2 Gyr, removes the cold gas present in the
clumps and torus in the cluster core. This brings
down the cold gas mass within the observed range
(see Fig. 5). Moreover, the outgoing AGN jets en-
counter less resistance with the depletion of cold
gas, and the transfer of heat from AGN jets to the
entire cluster core is less efficient (see Fig. 8). This
results in more frequent AGN jet events with stellar
depletion.
3. The line of sight velocity dispersion of X-ray gas in
the cluster core shows that the turbulence due to
AGN jets is not strong enough for turbulent heat-
ing to balance radiative cooling in cluster cores.
We find the 1-D velocity dispersion to be in in the
range of 80-250 km s−1, consistent with recent ob-
servations of the Perseus cluster byHitomi (see Fig.
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6). The turbulent velocity is larger when AGN jet
is active, and the line of sight velocity dispersion
is slightly larger along the jet direction rather than
perpendicular to this direction during the active jet
phase (see Fig. 7).
4. Gas depletion due to star formation also modu-
lates the anisotropic metal distribution in galaxy
clusters due to AGN jets as outflowing metal-rich
gas faces less hindrance from the cold gas clouds.
Metals are able to travel unhindered for the most
part to outer radii and so the metal distribution
is mostly confined in the jet direction. More-
over, the observed metal distribution in our sim-
ulations is too sharply peaked toward the center
as compared to the observations of cool cores (see
Fig. 10). Thermal conduction (both isotropic and
anisotropic) can help spread heat and metals more
uniformly and farther out by overcoming strong en-
tropy stratification. This may bring the metallicity
distribution in line with the observations.
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